Virus entry, assembly, and budding are important processes in the replication cycle of a virus. Viruses are dependent on host living cells for their replication. Viruses use the proliferative mechanism of host cells for replication of viral components. Lipid rafts, specific membrane microdomains play a critical role in virus replication because localizing and concentrating viral components in the microdomains for entry, assembly, and budding of various types of virus. In this review, we describe the involvement of membrane lipid rafts in the virus replication cycle with our current findings for understanding the role of membrane lipid rafts in virus infection.
INTRODUCTION
Lipid rafts, specific membrane microdomains enriched in cholesterol and (glyco)sphingolipids, are known to be involved in the regulation of various biological phenomena, including membrane transport and signal transduction pathways. [1] [2] [3] [4] [5] The involvement of membrane lipid rafts in virus entry, assembly, and budding has been demonstrated by the localization of viral structural proteins and the effects of raftdisrupting agents in the replication processes of several viruses. However, the role of membrane lipid rafts in the virus replication cycle remains unknown. Viruses first attach to specific receptors on the surfaces of target cells and enter the cells. Viruses generally enter the cells by endocytosis or penetration of viral particles directly into the cytoplasm and release viral genes by fusion of the viral envelope or destruction of the viral capsid. The majority of DNA viruses except poxviruses undergo transcription and replication inside the nucleus, whereas transcription and replication of most RNA viruses except influenza virus occur in the cytoplasm (Fig.  1) . The newly synthesized viral components are transported to organelles or the plasma membrane for assembly and/or budding of the virus. Viruses are classified two types, enveloped and nonenveloped viruses, on the basis of outer structures. Enveloped virus particles are released from the plasma membrane, nuclear membrane, Golgi apparatus, or endoplasmic reticulum (ER) by budding. Nonenveloped viruses are generally released by the burst of cells after assembly of viral components in the cytoplasm (Fig. 2) . In the this review, we discuss recent understandings on the function of lipid rafts in the replication of viruses.
ROLE OF LIPID RAFTS IN VIRUS ENTRY
The involvement of membrane lipid rafts in entry of nonenveloped viruses has been demonstrated by simian virus 40 (SV40) [6] [7] [8] [9] [10] [11] [12] (belonging to the Papovaviridae family), rotavirus 13, 14) (belonging to the Reoviridae family), echovirus type 1 15) (belonging to the Picornaviridae family), enterovirus [16] [17] [18] (belonging to the Picornaviridae family), species C human adenovirus (HAdV) 19) (belong to the Adenoviridae family), and rhinovirus 20) (belonging to the Picornaviridae family).
The entry process of SV40 is mediated by caveolae which transport viral particles to the ER. Infection of SV40 to the target cells utilizes major histocompatibility complex class I (MHC-I), which is not localized in lipid rafts but induces association of SV40 with caveolae, [6] [7] [8] [9] [10] or GM1 ganglioside, 11, 12) which is located in lipid rafts, as receptors. Group A rotaviruses infect epithelial cells via a complex of several cell molecules, including gangliosdes, glycoproteins, Hsc70 protein, and a V b 3 integrin, that are present in membrane lipid rafts. 13, 14) Echovirus type 1 initiates infection by binding to a 2 b 1 -integrin, which induces activation of caveola endocytosis. The involvement of membrane lipid rafts in echovirus type 1 infection has been suggested findings that echovirus type 1 infection is inhibited by treatment with methyl-b-cyclodextrin and by the expression of a dominant negative caveolin. 15) Some species of HAdV generally internalize by clathrincoated pits after binding with the adenoviruses receptor. 21) This internalization is induced by interaction of the RGD motif of the virus with a V b 3 , a V b 5 , a M b 2 , and a 5 b 1 integrins, which induce clathrin-coated pit endocytosis of HAdV. While, a clathrin-independent, lipid rafts and/or caveola endocytosis pathway involves in the entry of HAdV to plasmocytic cells. 19) Rhinoviruses infect human epithelial cells via ceramideenriched membrane platforms produced by acid sphingomyelinase. 20) Rhinoviruses induce activation and translocation of acid sphingomyelinase onto the extracellular leaflet of the cell membrane. The activity of acid sphingomyelinase results in a reorganization of small membrane rafts and the formation of ceramide-enriched membrane platforms. The significance of ceramide-enriched membrane platforms for rhinoviral entry has been demonstrated by genetic deficiency and pharmacological inhibitors of acid sphingomyelinase.
The involvement of membrane lipid rafts in entry of enveloped viruses has been demonstrated by influenza virus [21] [22] [23] (belonging to the Orthomyxoviridae family), human immunodeficiency virus (HIV) [24] [25] [26] (belonging to the Retroviridae family), Ebola virus and Marburg virus 27, 28) (belonging to the Filoviridae family), Epstein-Barr virus (EBV) 29, 30) and herpes simplex virus 1 (HSV) 31, 32) (belonging to the Herpesviridae family).
The majority of enveloped viruses lead to conformational change of viral structural or transmembrane proteins that induce fusion of viral and plasma membranes and release of viral genes after attachment of the virus to receptors and/or endocytosis.
Influenza viruses bind to glycoconjugates containing sialic acid in the cell membrane lipid rafts via hemagglutinin (HA) 33, 34) and enter cells via multiple pathways, with both clathrin-mediated and clathrin-and caveolin-independent endocytosis. [21] [22] [23] Subsequently, the viruses are transported to late endosomes, where the low-pH condition induces membrane fusion between the viral and endosomal membranes for releasing the viral ribonucleoprotein complexes.
HIV-1 initiates infection by binding to CD4 via the viral surface glycoprotein gp 120. This binding induces a conformational change in gp 120 for interaction with the second cell-surface receptors (coreceptors) CXCR4 or CCR5 and a subsequent conformational change in the transmembrane glycoprotein gp 41 for membrane fusion. [35] [36] [37] Both CD4 and CCR5 but not CXCR4 are known to be associated with membrane lipid rafts. 38, 39) Additionally, glycosphingolipids of target cells, including globotriaosyl ceramide (Gb3), GM3 ganglioside, and galactosylceramide, are involved in functions of the viral glycoproteins in the HIV-1 entry process. [40] [41] [42] Ebola virus and Marburg virus appear to enter cells via specific cell surface receptors; folate receptor a (FRa) has been identified as a coreceptor for virus entry, but other receptors remain unknown. The effects of raft-disrupting agents on Ebola virus infection indicate a critical role of membrane lipid rafts in filovirus entry.
EBV infects human B lymphocytes via human complement receptor type 2 (CR2; CD21), which forms part of complex with CD19 and CD81 in lipid rafts. The CD19/ CD21/CD81 complex functions to prolong B cell antigen receptor signaling from lipid rafts and leads to palmitoylation of CD81. 29, 30) Binding of HSV to host cells and entry of HSV into host cells are mediated by a complex process involving the essential viral glycoproteins B (gB), gD, gH, and gL and multiple celluar receptor molecules, including the tumor necrosis factor receptor family members nectin-1 and nectin-2, herpesvirus entry mediator, heparan sulfate proteoglycans, and two members of it the mmunoglobulin superfamily. [43] [44] [45] HSV entry is inhibited by cholesterol-sequestering drugs such as methyl-b-cyclodextrin and nystatin. Moreover, HSV gB has been detected in lipid rafts after virus attachment and during entry. 31, 32) Semliki Forest virus and Sindbis virus (belonging to the Togaviridae family) infect farget cells by receptor-mediated endocytosis and subsequent low-pH triggered fusion from within acidic endosomes. Cholesterol is required for enrty [46] [47] [48] ; however, the viruses may not require the presence of lipid rafts for fusion with target membranes. 49) 
ROLE OF LIPID RAFTS IN VIRUS ASSEMBLY AND/OR BUDDING
The involvement of membrane lipid rafts in the intracellular assembly of a nonenveloped virus is demonstrated on atypical targeting of rotavirus. 50, 51) A rotavirus follows an atypical pathway to the cell membrane by the way of the Golgi apparatus. A direct interaction of VP4, which is the most peripheral protein of the triple-layered structure of a rotavirus, with lipid rafts promotes assembly and atypical targeting of the rotavirus in intestinal cells. There is much less information of the role of lipid rafts about other nonenveloped virus assembly.
Membrane lipid rafts also play a critical role in assembly and budding of several enveloped viruses. Measles virus (belonging to the Paramyxoviridae family) structural proteins are enriched in membrane lipid rafts, which seem to provide a platform for the viral assembly and budding. 52) Envelope glycoprotein (G protein) of vesicular stomatitis virus (belonging to the Rhabdoviridae family) is also organized into membrane lipid raft microdomains for assembly of internal virion components. 53) Ebola and Marburg viruses are released from raft-associated regions. Ebola virus proteins are compartmentalized in lipid rafts during viral assembly. The oligomerization of the viral matrix protein VP40, which plays a critical role in Ebola virus assembly and budding, is regulated in the plasma membrane by association with lipid rafts. 27, 54) Paramyxoviruses such as respiratory syncytial virus (RSV), [55] [56] [57] Sendai virus, 58) and measles virus (MV) 52, 59) use lipid rafts for assembly and budding. RSV polymerase complex associates with lipid rafts in virus-infected cells. Additionally, RSV assembly occurs within lipid rafts regions that are enriched in caveolin-1 and alters the cellular distribution of tyrosine -hosphorylated caveolin-1.
In assembly of Sendai virus, the matrix protein (M protein) interacts with cytoplasmic tails of hemagglutinin-neuraminidase (HN) and fusion (F) proteins and with the transmembrane domain of F protein. M protein, which alone is preferentially associated with nonraft membranes, colocalizes with HN and F glycoproteins in lipid rafts for assembly.
Membrane lipid rafts provide a platform for assembly and budding of HIV-1. 60, 61) HIV-1 assembly and budding is induced by modification of HIV-1 Gag protein (Pr 55 Gag ) with myristic acid. Gag protein associates with the plasma membrane, leading to the formation of HIV-1 particles. The viral surface glycoprotein complex (gp120 and gp41) is incorporated into the envelope by interactions of Gag with the cytoplasmic tail of gp 41. Myristoylation of Gag protein promotes Gag-Gag interactions (Gag multimerization). Cholesterol depletion or treatment of unsaturated fatty acids inhibits Gag-driven particle assembly. The Gag-Gag interaction domain (NC domain) located in the N terminus of the viral nucleocapsid is important for Gag multimerization; however, this process dose not seem to be necessary for association of Gag with membrane lipid rafts. 62) Influenza virus particles consist of eight viral ribonucleoprotein capsids with an envelope that includes two spike glycoproteins, HA and neuraminidase (NA), and ion-channel protein M2 on the outer surface and matrix protein (M1) on the inner surface.
63) The two spike glycoproteins and M2 possess apical sorting and targeting signals and utilize membrane lipid rafts for apical sorting. HA and NA concentrate in lipid rafts via their individual of transmembrane domains, the cytoplasmic tails, and via palmitoylation in the case of HA. [64] [65] [66] [67] Replication of avian and human influenza A viruses in the GM-95 mutant cell line of mouse B16 melanoma, which lacks the ability to synthesize major glycosphingolipids, including gangliosides, did not show an obvious disparity in comparison with that in the parent cells. 34) It seems that gangliosides are not essential for influenza virus infection. M1 plays a critical role for the viral assembly and budding. M1 is not associated with lipid rafts but is essential for the formation of influenza virus particles since their formation can not be incorporated the absence of M1 but not any other viral proteins. 68, 69) M1 is incorporated into lipid rafts by interaction with HA. 70) 4. CONCLUSION AND PERSPECTIVES As described above, many recent studies suggest that lipid rafts play a critical role in the process of viral infection. In most cases, the involvement of membrane lipid rafts in virus entry, assembly, and budding are demonstrated on the localization of viral structural proteins and the effects of raft-disrupting agents in the replication processes of several viruses. Why are membrane lipid rafts used for entry, assembly, and budding of several viruses? What is the role of lipid rafts in the virus replication cycle? How does each viral protein interact with lipid raft components? Several new approaches will be needed to elucidate the function of membrane lipid rafts. An understanding of the molecular organization of lipid rafts and the function of lipid rafts in the viral replication cycle might contribute to the elucidation of cell membrane function and to the development of new antivirus chemotherapy. Additional studies on the role of membrane lipid rafts in the viral replication cycle should be carried out in the future.
